Balanced Al-Cu-Mg-Si Alloy Product 



FIELD OF THE INVENTION 

[001] The present invention relates to a balanced Al-Cu-Mg-Si alloy having a high 
toughness and an improved fatigue crack gro\A/th resistance, while maintaining good 
strength levels, to a method for producing a balanced Al-Cu-Mg-Si alloy having a 
high toughness, good strength levels and an improved fatigue crack growth 
resistance, and to a rolled alloy sheet product for aerospace applications. More 
specifically, the present invention relates to a balanced Al-Cu-Mg-Si alloy designated 
by the AA2xxx-series for structural aeronautical applications with improved properties 
such as fatigue crack growth resistance, strength and fracture toughness. The 
invention also relates to a rolled alloy product suited to be used as fuselage skin or 
lower wing skin of an aircraft. 
BACKGROUND OF THE INVENTION 

[002] It is known in the art to use heat treatable aluminum alloys in a number of 
applications involving relatively high strength such as aircraft fuselages, vehicular 
members and other applications. Aluminum Association alloys ("AA")2x24, such as 
AA2024, AA2324 and AA2524 are well known heat treatable aluminum alloys which 
have useful strength and toughness properties in T3, T39 and T351 tempers. 
[003] The design of a commercial aircraft requires various properties for different 
types of structures on the aircraft. Especially for fuselage skin or lower wing skin it is 
necessary to have properties such as good resistance to crack propagation either in 
the form of fracture toughness or fatigue crack growth. At the same time the strength 
of the alloy should not be reduced. A rolled alloy product either used as a sheet or as 
a plate with an improved damage tolerance will improve the safety of the 
passengers, will reduce the weight of the aircraft and thereby improve the fuel 
economy which translates to a longer flight range, lower costs and less frequent 
maintenance intervals. 

[004] It is known in the art to have AA2x24 alloy compositions with the following 
broad compositional range, in weight percent: 
[005] Cu: 3.7 - 4.4 



[006] Mg: 1.2-1.8 
[007] Mn: 0.15-0.9 
[008] Cr: 0.05-0.10 
[009] Si: <0.50 
[0010] Fe: <0.50 
[0011] Zn: <0.25 
[0012] Ti: <0.15 

[0013] the balance aluminum and incidental impurities. Over time narrower 
windows liave been developed within the broad 2024-series alloy range, in particular 
concerning lower combined Si and Fe ranges to improve on specific engineering 
properties. 

[0014] US-5,593,516 discloses a high damage tolerant Al-Cu alloy with a balanced 
chemistry comprising essentially the following composition (in weight %): 

[0015] Cu: 2.5-5.5 

[0016] Mg: 0.1 -2.3 

[0017] Cumax - 0.91 Mg + 5.59 

[0018] CUmin -0.91 Mg + 4.59 

[0019] Zr: up to 0.2, or 

[0020] Mn: up to 0.8 

[0021] balance aluminum and unavoidable Impurities. It also discloses T6 and 
T8 tempers of such alloys which gives high strength to a rolled product made of such 
alloy. 

[0022] US-5,897,720 discloses a high damage tolerant Al-Cu alloy with a "2024"- 
chemistry comprising essentially the following composition (in weight %): 

[0023] Cu: 3.8 - 4.9 

[0024] Mg: 1.2-1.8 

[0025] Mn: 0.3 - 0.9 

[0026] Si: < 0.30, preferably < 0.12 

[0027] Fe: < 0.30, preferably < 0.08 

[0028] Ti: < 0.1 5, preferably < 0.06 

[0029] the balance aluminum and unavoidable impurities wherein the alloy is 
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annealed after hot rolling at a temperature at which the intermetallics do not 
substantially dissolve. The annealing temperature Is between 398°C and 455°C. 
[0030] JP-A-07252574 discloses a method of manufacturing an Al-Cu-Mg alloy 
comprising the steps of hot rolling after continuous casting and specifying the cooling 
rate at the time of solidification. In order to benefit from the high cooling rates in the 
continuous casting operation the contents of Fe and Si are controlled such that the 
sum of Fe+Si exceeds as least 0.4 wt.%. 

[0031] US-5,938,867 discloses a high damage tolerant Al-Cu alloy with a "2024"- 
chemlstry comprising essentially the following composition (in weight %): 

[0032] Cu: 3.8 - 4.9 

[0033] Mg: 1.2-1.8 

[0034] Mn: 0.3-0.9 

[0035] balance aluminum and unavoidable impurities wherein the ingot is 
inter-annealed after hot rolling with an anneal temperature of between 385°C and 
468X. 

[0036] EP-0473122, as well as US-5,21 3,639, disclose an aluminum base alloy 
comprising essentially the following composition (in weight %): 

[0037] Cu: 3.8 - 4.5, preferably 4.0 - 4.5 

[0038] Mg: 1 .2 - 1 .8, preferably 1 .2 - 1 .5 

[0039] Mn: 0.3 - 0.9, preferably 0.4 - 0.7 

[0040] Fe: < 0.12, preferably max. 0.1 

[0041] Si: <0.10 

[0042] the remainder aluminum, incidental elements and Impurities, wherein 
such aluminum base is hot rolled, heated to above 910°F to dissolve soluble 
constituents, and again hot rolled, thereby obtaining good combinations of strength 
together with high fracture toughness and a low fatigue crack growth rate. More 
specifically, US-5,21 3,639 discloses a required inter-anneal treatment after hot 
rolling the cast ingot within a temperature range of 479°C to 524°C and again hot 
rolling the inter-annealed alloy wherein the alloy may contain optionally one or more 
elements from the group consisting of: 

[0043] Cr: 0.02 - 0.40 
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[0044] V: 
[0045] Hf: 
[0046] Cr: 
[0047] Ag: 
[0048] Sc: 



0.01 -0.5 



0.01 - 0.40 



0.01 - 0.20 



0.01 - 1.00 



0.01 - 0.50. 



[0049] Such alloy appear to show a 5% improvement over the above mentioned 
conventional 2024-alloy In T-L fracture toughness and an improved fatigue crack 
growth resistance at certain AK-levels. 

[0050] EP-1170394-A2 discloses an aluminum sheet product with improved fatigue 
crack growth resistance having an anisotropic microstructure defined by grains 
having an average length to width aspect ratio of greater than about 4 and 
comprising essentially the following composition (in weight %): 

[0051] Cu: 3.5-4.5 

[0052] IVig: 0.6 - 1 .6 

[0053] Mn: 0.3-0.7 

[0054] Zr: 0.08-0.13 

[0055] the remainder substantially aluminum, incidental elements and 
impurities. The examples show a Si-level in the range of 0.02 to 0.04 while 
maintaining a Cu-level of more than 3.0. Furthermore it is disclosed an Al-Mg-Si alloy 
(AA6XXX series) with Si levels between 0.10 and 2.50 but Cu levels below 2.0 and an 
Al-Mg alloy (AA5xxx series) with Si levels of up to 0.50 but Cu levels below 1.5. The 
first mentioned alloy has an improvement in compressive yield strength property 
achieved by respective sheet products in comparison with conventional 2524-sheet 
products. Furthermore, the strength and toughness combinations of such sheet 
products with high Mn variants have been described to be better than those of 2524- 
T3. Throughout the high anisotropy in grain structure the fatigue crack growth 
resistance could be improved. 

[0056] Furthermore, it Is described that low copper-high manganese samples 
exhibited higher properties than high copper-low manganese samples. Results from 
tensile strength measurements showed that high manganese variants exhibited 
higher strength values than the low manganese variants. The strengthening effect of 
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manganese was reported to be surprisingly fiigher than that of copper. 
SUMMARY OF THE INVENTION 

[0057] It is a preferred object of the present invention to provide a balanced 2xxx- 
alloy having a high toughness and an improved fatigue crack growth resistance while 
maintaining good strength levels of conventional 2024, 2324 or 2524 alloys. It is a 
further object of the present invention to provide aluminum alloy sheet products 
having an improved fracture toughness and resistance to fatigue crack growth for 
aircraft applications such as fuselage skin or lower-wing skin. 
[0058] Yet a further object of the present invention is to provide rolled aluminum 
alloy sheet products and a method for producing those products so as to provide 
structural members for aircrafts which have an increased resistance to fatigue crack 
growth and to provide an improved fracture toughness while still maintaining high 
levels of strength. 

[0059] More specifically, there is a general requirement for rolled 2xxx-series 
aluminum alloys within the range of 2024 and 2524 alloys when used for 
aeronautical applications that the fatigue crack growth rate (TCGR") should not be 
greater than a defined maximum. A FCGR which meets the requirements of high 
damage tolerance 2024-series alloy products is e.g. FCGR below 0.001 mm/cycles 
at AK=20 MPaVm and 0.01 mm/cycles at AK=40 MPaVm. At the same time the 
tensile yield strength (or proof strength) and ultimate tensile strength should not be 
lowered, e.g. Rp not lowered below e.g. 310 MPa and Rm not lowered below e.g. 430 
MPa in the L-direction. 

[0060] The present invention preferably solves one or more of the above-mentioned 
objects. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0061] In accordance with the invention there is disclosed a balanced Al-Cu-Mg-Si 
alloy having a high toughness, good strength levels and an improved fatigue crack 
growth resistance, comprising the following composition (in weight percent): 
[0062] Cu: 3.6-4.9 
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[0063] Mg: 1.0-1.8 
[0064] Mn: < 0.30 
[0065] Si: 0.10-0.40 
[0066] Zr: <0.15 
[0067] Cr: <0.15 
[0068] Fe: <0.10, 

[0069] the balance essentially aluminum and incidental elements and 
impurities, which are typically each <0.05, and total <0.15. 

[0070] It has surprisingly been found that lower levels of manganese result in a high 
toughness and an improved fatigue crack growth resistance specifically in areas 
where the toughness and fatigue crack growth resistance under tensile load are 
critical. Surprisingly, the alloy of the instant invention in the T3 temper, more 
specifically in the T351 temper, has a significant improved toughness by lowering the 
amount of manganese. Furthermore, it has been found that by increasing the 
amount of Si it Is possible to achieve strength levels comparable with strength levels 
of conventional AA2x24 alloys. Furthermore, it has been found that by increasing the 
Si content and improved FCGR performance is being obtained. The Si content is 
increased to levels above those used in current aerospace grade materials, viz. 
typically <0.10, and preferably <0.07 wt.%. 

[0071] More specifically, it has been found that a reduction of the manganese level 
and by increasing the silicon level the fatigue crack growth resistance of the alloy 
could be enhanced by up to 90% compared to a conventional 2024 alloy and up to 
approximately 65% compared to a conventional 2024 alloy if the strength levels are 
maintained. In that case even the toughness was Improved compared to the 
toughness of conventional 2024 alloys. By lowering the level of manganese 
toughness as well as fatigue crack growth resistance was increased wherein the 
strength levels decreased. By also increasing the level of silicon the strength level 
increased again without lowering the toughness to unacceptable levels. 
[0072] The amount (in weight%) of manganese is preferably in a range of up to 0.10, 
most preferably in the range of incidental elements and impurities. That means that 
the amount of manganese should be 0 or at least neglectable. 



-7- 

[0073] The amount (in weight%) of copper is preferably in a range of 3.9 to 4.6, most 
preferably in a range of 4.3 to 4.5. Copper is an important element for adding 
strength to the alloy. It has been found that a copper content of about 4.4 results in a 
good compromise In strength, toughness, formability and conrosion performance 
while still resulting in sufficient damage tolerance properties. 
[0074] The preferred amount (in weight%) of magnesium is in a range of 1 .2 to 1 .7, 
most preferably in a range of 1 .5 to 1 .7. Magnesium also provides strength to the 
alloy product. 

[0075] The amount (in weight%) of silicon is more preferably in a range of 0.23 to 
0.30, even more preferably in a range of 0.23 to 0.28, and most preferably in a range 
of about 0.25. While prior art AA2xxx-series alloys attempt to avoid silicon since it is 
considered to be a detrimental impurity element, the present invention uses silicon 
deliberately to Increase the strength level of alloys having a low Mn-content and 
which are preferably substantially manganese-free. In accordance with the invention 
it has been found that the casting technique is important to benefit from the 
somewhat increased Si-content in combination with the low Mn-content. 
[0076] Another preferred specific alloy according to the present invention comprises 
about 4.4% copper, about 1.68% manganese, about 0.25% silicon and no 
manganese (except as an inevitable impurity). 

[0077] Furthermore, the alloy of the present invention may preferably further 
comprise one or more of the elements Zn, Ag, Hf, V, Sc, Ti or Li, the total amount 
less than 1.00 (in welght%). The alloy of the present invention is either un- 
recrystallized or recrystallized or a combination thereof. 

[0078] A method for producing a balanced Al-Cu-Mg-Si alloy as set out above and 
having a high toughness, good strength levels and an Improved fatigue crack growth 
resistance according to the Invention comprises the steps of: 

[0079] a) casting a rolling ingot with the following composition (in 
weight percent): 

[0080] Cu: 3.6-4.9 

[0081] Mg: 1.0-1.8 

[0082] Mn: < 0.30 
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[0083] Si: 0.10 - 0.40, preferably 0.15 to 0.35 
[0084] Zr: <0.15 
[0085] Cr: <0.15 
[0086] Fe: <0.10, 

[0087] the balance essentially aluminum and incidental elements and 
impurities, wherein the ingot is cast by semi-continuous direct chill (DC) casting; 

[0088] b) homogenizing and/or pre-heating the ingot after casting; 

[0089] c) hot rolling the ingot and optionally cold rolling into a rolled 
product; 

[0090] d) solution heat treating (SHT); 
[0091] e) quenching the heat treated product; 
[0092] f) stretching the quenched product; and 

[0093] g) naturally ageing the rolled and solution heat treated and 
quenched product. 

[0094] After hot rolling the ingot it is possible to anneal and/or reheat the hot rolled 
ingot and further hot rolling the rolled Ingot. It is furthermore possible to conduct a 
heat treatment between hot rolling and cold rolling at the same temperatures and 
times as during homogenization, e.g. 1 to 5 hours at 460X and about 24 hours at 
490°C. The hot rolled ingot is preferably inter-annealed before and/or during cold 
rolling to enhance the ordering of the grains. Such inter-annealing is preferably done 
at a gauge of about 2.0 mm for 1 hour at 350°C. Furthermore, it is advisable to 
stretch the rolled and heat treated product in a range of up to 3%, and preferably in a 
range of 1-2%, and then naturally ageing the stretched product for more than 10 
days, preferably about 10 to 20 days to achieve a T3 or T351 temper condition. 
[0095] The present invention furthermore provides a rolled balanced AI-Cu-Mg-Si 
alloy sheet product having an improved fatigue crack growth resistance with an alloy 
composition as described above. Such rolled alloy sheet product has preferably a 
gauge of about 2.0 mm to 12 mm for applications such as for fuselage skin and 
about 25 mm to 50 mm for applications such as lower wing skin of an aircraft. The 
present invention thereby provides an aircraft fuselage sheet or an aircraft lower- 
wing member sheet with improved fatigue crack growth resistance by maintaining 
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good strength levels. 

[0096] The foregoing and other features and advantages of the alloy product 
according to the invention will become readily apparent from the following detailed 
description of two preferred examples. 

EXAMPLE 

[0097] On an industrial scale four different aluminum alloys have been cast into 
ingots having the following chemical composition as set out in Table 1, wherein the 
first two alloys are reference-alloys as designated by AA2024 and AA2524 
respectively. 

[0098] The alloys have been processed to a final gauge of 2.00 mm sheet in the 
T351 temper. The DC-cast ingots were homogenized at about 490*^0 for about 24 
hours, then hot rolled at 410°C. The plates were further cold rolled, surface heat 
treated and stretched by about 1%. All alloys have been tested at least after 10 days 
of natural ageing. 

[0099] Then, the tensile yield strength (PS) and ultimate tensile strength (UTS) 
properties were tested in the L-direction. Additionally, the notch toughness (TS/Rp) 
was tested in the T-L-direction. The testing was done in accordance with ASTM- 
B871 (1996) for the Kahn tear tests, and EN-1 0.002 for the tensile tests. 



Table 1 : Chemical comDOsition of the DC-cast aluminum allovs. in weiaht 
%, Fe about 0.06%, balance aluminum and inevitable impurities. 


Alloy 


Cu 


Mn 


Mg 


Zr 


Si 


AA2024 


4.4 


0.59 


1.51 


0 


0.05 


AA2524 


4.3 


0.51 


1.39 


0 


0.05 


1 


4.4 


0 


1.68 


0 


0.25 


2 


4.4 


0 


1.61 


0 


0.11 
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Table 2: Tensile properties and notch toughness of alloys 1 to 4 of 
Table 1 in the L and T-L direction. 




L 


T-L 


Alloy 


PS 
(MPa) 


UTS 
(MPa) 


TS/Rp 


AA2024 


344 


465 


1.74 


AA2524 


338 


447 


1.99 


1 


325 


451 


1.97 


2 


310 


458 


2.09 



[0100] As identified in Table 2 the notch toughness of the alloys 1 and 2 is about 
equal and better than that of conventional 2024/2524 alloys. The substantially 
manganese-free alloys showed a very good toughness. By adding silicon (alloy 1 ) to 
levels above those currently used for aerospace grade aluminum alloy products, the 
tensile yield strength level increases without lowering the toughness and ultimate 
tensile strength level to an unacceptable level. 

[0101] In order to Identify the fatigue crack growth rate ("FCGR") all alloys were 
tested according to ASTM E647 on 80 mm wide M(T) panels at R=0.1 at constant 
load and at a frequency of 8 Hz. The lifetime as shown in Table 3 is defined as the 
time (in number of cycles) that the crack grows from a length of 5 mm to 20 mm. The 
maximum stress was 54 MPa. The initial notch was 4.1 mm. Anti-buckling device are 
not used. The results are shown in Table 3. 
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Table 3: Fatiaue crack arowth rate for all allovs compared with 
commercially available AA2024 alloy (=baseline). 


Alloy 


Cycles between 
a=5 and 20mm 


Improvement In lifetime 
over AA2024 


AA2024 


170,694 


baseline 


AA2524 


216,598 


27% 


1 


283.876 


66% 


2 


322,940 


89% 



[0102] From the results of Table 3 it is clear that the lifetime is the better the lower 
the level of manganese is. By adding silicon the strength levels (as shown in Table 2) 
increase again while the improvement in lifetime is still considerably high. That 
means that the improvement in fatigue crack growth rate is significantly higher when 
manganese levels are low, more or less independent of the level of silicon. That 
means that those alloys, especially at lower AK-values, have a significant longer 
lifetime and therefore are very useful for aeronautical applications. 
[0103] Having now fully described the invention, it will be apparent to one of ordinary 
skill in the art that many changes and modifications can be made without departing 
from the spirit and scope of the invention as hereon described. 



